Mammalian signaling networks contain an abundance of negative feedback regulators that may have overlapping (''fail-safe'') or specific functions. Within the NF-B signaling module, IB␣ is known as a negative feedback regulator, but the newly characterized inhibitor IB␦ is also inducibly expressed in response to inflammatory stimuli. To examine IB␦'s roles in inflammatory signaling, we mathematically modeled the 4-IB-containing NF-B signaling module and developed a computational phenotyping methodology of general applicability. We found that IB␦, like IB␣, can provide negative feedback, but each functions stimulusspecifically. Whereas IB␦ attenuates persistent, pathogen-triggered signals mediated by TLRs, the more prominent IB␣ does not. Instead, IB␣, which functions more rapidly, is primarily involved in determining the temporal profile of NF-B signaling in response to cytokines that serve intercellular communication. Indeed, when removing the inducing cytokine stimulus by compound deficiency of the tnf gene, we found that the lethality of ib␣ ؊/؊ mouse was rescued. Finally, we found that IB␦ provides signaling memory owing to its long half-life; it integrates the inflammatory history of the cell to dampen NF-B responsiveness during sequential stimulation events.
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inflammation ͉ mathematical modeling ͉ NF-kappaB ͉ pathogen C ellular responses to the environment are the result of complex signaling events involving multiple signaling protein isoforms encoded in gene families. The isoforms' distinct functions are generally thought to be due to differences in their intermolecular interaction characteristics. However, emerging evidence indicates that in signaling the precise dynamics are physiologically important and are mediated by an increasing number of feedback regulators. Their specific functions may in principle be determined by alternate kinetic control of synthesis and degradation.
NF-B is an inducible transcription factor involved in diverse physiological scenarios. The primary NF-B transcription factor of inflammatory responses is the ubiquitous RelA:p50 dimer, which forms via a dimerization domain within the NF-Bdistinctive Rel-homology domain (RHD). In unstimulated cells, it is held in an inactive state by proteins that have inhibitory, or IB, activity. Three canonical IB proteins, IB␣, -␤ and -have been described. Upon inflammatory stimulation via TNF receptor (TNFR) or TLR-mediated pathogenic signals, they are phosphorylated on specific N-terminal serine residues by IKK2 containing kinase complexes and subsequently degraded via the 26S proteasome pathway, which releases RelA:p50 DNA binding activity. Developmental signals such as B-cell activator factor (BAFF) and lymphotoxin-␤ (LT␤), members of TNF superfamliy, trigger the IKK1-dependent inactivation of a 4th IB activity, termed IB␦, allowing for activation of the RelA:p50 dimer (1) . IB␦ consists of a homodimer of nfkb2/p100 proteins, in which at least 1 inhibitor domain is available for binding RelA:p50 (2).
This homodimer is contained within a multimeric 500-kDa complex that may also contain nfkb1/p105 proteins (3).
Precise regulation of RelA:p50 is required to maintain healthy inflammatory signaling responses (4) and 2 of the 3 canonical IB proteins have been found to provide negative feedback on to RelA:p50 (5-7). In response to transient TNF stimulation, for example, IB␣ limits NF-B responses but IB functions effectively when IB␣ does not. This overlapping function represents a ''fail-safe'' mechanism.
With the identification of a 4th IB, we wondered whether this IB␦ activity may also play a role in inflammatory signaling mediated by canonical IKK. If IB␦ has a function in regulating inflammatory responses, is it distinct or overlapping with the other IB isoforms? As inflammatory signaling is highly dynamic, we constructed a mathematical model of the NF-B signaling module that incorporates IB␦. Using an integrated approach of computational and experimental analyses, we found that IB␦ is a negative feedback regulator of RelA:p50 in inflammatory signaling and, remarkably, that it attenuates RelA:p50 activity stimulus-specifically. Furthermore, we identified the kinetic rate constants that confer this stimulus specificity.
Results

IB␦ Feedback and Mathematical Modeling.
To investigate the potential roles of the IB␦ activity in inflammatory signaling, we first examined p100/IB␦ protein expression. Consistent with previous studies (8) (9) (10) , p100/IB␦ protein was found to be up-regulated in response to all inflammatory stimuli tested (Fig.  1A, and Fig. S1 A) . We now determined that this gene activation is NF-B-dependent, suggesting a potential negative feedback loop.
There are 2 p100-containing complexes, the self-inhibited dimeric complex RelA:p100 and the high molecular weight ternary complex that binds RelA:p50 dimers and contains the IB␦ activity (2) . To distinguish between the 2 p100-containing complexes, we performed gel filtration chromatography on cytosolic extracts. In resting cells, p100 was found to be present in both high (fractions 45 and 46) and low (fractions 51 and 52) molecular weight-containing fractions. In contrast, IB␣ was found only in low molecular weight-containing fractions. Interestingly, LPS stimulation for 24 h led to increases of p100 and RelA in the fractions containing high molecular weight com-plexes, suggesting LPS-induced p100 protein primarily assembles into the ternary complex, termed IB␦ (Fig. 1B) . Similar conclusions could be drawn from detergent sensitivity studies (Fig.  S1 B-D) , whose specificity was established in refs. 2 and 11.
To investigate the role of IB␦ in the highly dynamic signaling events triggered by inflammatory stimuli, we mathematically modeled the NF-B signaling module (Fig. 1C ) not only with the 3 canonical IB proteins (12) , but-with an expanded reaction network (Fig. S1E) -also the inducible IB␦ activity. To that end, we determined some of the relevant parameters that describe its metabolism by quantitatively measuring mRNA and protein expression. We noted that, whereas IB␣ mRNA was induced highly and rapidly within 30 min, nfb2 mRNA increased more slowly (Fig. S1F) . By measuring mRNA levels during a time course with the mRNA synthesis inhibitor, actinomycin D (actD), we estimated that the half-life of the IB␣ mRNA was Ϸ20 min, whereas the half-life of the nfb2 mRNA was Ϸ6 h (Fig. S1G) . The resulting mathematical model represents a tool to investigate the dynamic regulation of NF-B by the 4 IB proteins in response to inflammatory stimuli functioning through IKK2 (this study) or developmental stimuli functioning through IKK1 (2).
Computational Phenotyping of Negative Feedback Regulators. Different stimuli activate canonical IKK activity with different temporal profiles (12) . To explore NF-B regulation in response to diverse canonical IKK dynamics, we generated a library of canonical IKK curves ( Fig. 2A Top) , using an algorithm that controls the amplitudes and durations of several activity phases (Fig. S2 A) . The resulting 1,044 canonical IKK curves were used as inputs for repeated simulations of NF-B activation in wildtype, IB␦-or IB␣-deficient models ( Fig. 2 A Lower) . By calculating the difference in NF-B activities generated by wild-type and mutant modules for a given IKK input profile, we assessed the functional importance of each IB.
At first glance, the simulation data indicated that IKK curves for which IB␦-mediated feedback is functionally important do not generally require regulation by IB␣ (Fig. S2B ). Sorting these simulation results in order of increasing sensitivity to IB␦ revealed that IB␦-and IB␣-mediated feedback are important for attenuating NF-B activity in response to different types of canonical IKK profiles (Fig. 2B ). Plotting the 2 groups of IKK curves showed that IB␦-deficient systems causes misregulation of NF-B in response to prolonged canonical IKK stimuli, whereas IB␣-deficiency causes misregulation in response to transient stimuli (Fig. 2C) . Thus, the computational analysis suggested that the relative importance of different negative feedback regulators is determined by the temporal profiles of IKK activity and, specifically, that IB␦ may be important in providing negative feedback on NF-B in response to stimuli that elicit sustained canonical IKK activity.
IB␦ Attenuates NF-B Activation Triggered by Pathogens. TNF and lipopolysaccharide (LPS) have been shown to activate canonical IKK activity with different dynamics within a 2-h time course (12) . In extended time course experiments, we found that TNF stimulation triggered a transient canonical IKK activity that decreased after 1 h and reached the basal level before 24 h ( Fig.  3A and Fig. S3A ). In contrast, LPS stimulation led to delayed canonical IKK activation that peaked at 1 h and was sustained at Ϸ40% of the peak activity even at the 48-h time point. Based on the computational phenotyping methodology, we predicted that IB␦-deficient cells would be more defective in controlling the LPS-than TNF-induced NF-B activity profiles. To test the model predictions, wild-type and IB␦-deficient cells were stimulated with TNF or LPS for 24 h. As predicted, TNF-induced NF-B activation was similar in wild-type and IB␦-deficient cells whereas in response to LPS, prolonged NF-B activation was observed in IB␦-deficient cells (Fig. 3B) . Furthermore, the misregulation of the RelA:p50 dimer in LPS-stimulated IB␦-deficient cells resulted in enhanced LPSinduced gene expression: induction of inf lammatory gene RANTES was increased in IB␦-deficient cells after LPS stimulation whereas MCP-1 gene expression was less affected (Fig. 3C) . The misregulation of inf lammatory gene expression and NF-B activity in IB␦-deficient cells were also seen when a lower dose of LPS (Fig. S3B) or the TLR3 ligand poly(I:C) (Fig. S4 ) was used. These results indicate that IB␦ dampens NF-B activity stimulus-specifically such that a sustained canonical IKK activity is more susceptible to its feedback mechanism.
What is the molecular basis for IB␦ feedback's specificity for TLR-mediated signals? Using chimeric IB␣-IB␦ mutants in silico, we found that neither IB␦'s binding affinities for NF-B dimers (chimera C1) nor its shuttling rate constants (chimera C2) were sufficient to dampen pathogen-induced NF-B activity. However, mRNA and protein synthesis and degradation rate constants of IB␦ are critical in conjunction with its unresponsiveness to canonical IKK signals: When controlling the expression of an IB␣ protein, which is responsive to canonical IKK degradative signals, chimeras with IB␦ synthesis and degradation rates provide some dampening (chimeras C3 and C4); in the context of a canonical IKK-unresponsive IB␦-protein, IB␣ synthesis and degradation rates are predicted to dramatically over-attenuate, not allowing for any late NF-B activity (chimera C5). These analyses suggest that the combination of IB␦'s unresponsiveness to the degradative signaling of canonical IKK and relatively low synthesis and degradation rates, allows for a slow build-up of IB␦ inhibitory activity even in the context of long-lasting canonical IKK activity; these are the critical determinants of the stimulus-specific function of IB␦-mediated feedback to TLR-mediated signaling.
IB␣ Attenuates NF-B Activation Triggered by Cytokines, but Not
Pathogens. Our combined computational and experimental studies suggest different physiological roles for IB␣ and IB␦ (Fig.  4A) . We propose that IB␣-mediated negative feedback regulates NF-B primarily in response to inflammatory cytokines such as TNF and IL-1, which produce transient canonical IKK activities. In contrast, long-lasting canonical IKK activities that render IB␦ functionally important are a hallmark of pathogen signaling via TLRs (Fig. 3 and Figs. S3 and S4) (12, 13) . To test the IB␣ side of this hypothesis, wild-type and mutant MEFs were stimulated with TNF or IL-1. We found that NF-B activation was not affected by IB␦ deficiency, but was hyperinduced in IB␣-deficient cells, suggesting the essential role of IB␣, but not IB␦, in terminating cytokine-induced responses. In contrast, IB␣ seemed to play little role in attenuating LPS-induced NF-B activity (Fig. 4B and Fig. S5A ).
The essential function of IB␣ in limiting inflammatory responses was demonstrated by the peri-natal lethality of IB␣-deficient mice due to multiorgan inflammation (14, 15) . Indeed, we also found that IB␣ deficiency resulted in premature death 7 days after birth. To test the in vivo specificity of the IB␣ negative feedback loop for cytokine signaling, we generated IB␣ knockout mice that were also deficient in the ubiquitous inducing cytokine stimulus TNF. Remarkably, the lethality of IB␣-deficient mice was rescued by the compound deficiency ( Fig. 4C ) with no evidence of inflammation or secondary lymphoid organ abnormalities in adult animals ( Fig. 4C and data not shown). Furthermore, we examined macrophages derived from these mice. We found that BMDMs deficient in IB␣ fail to appropriately terminate NF-B activity in response to TNF stimulation but do not show hyperactive NF-B in response to LPS stimulation (Fig. 4D Upper) . Interestingly, misregulation of TNF-induced NF-B activity also resulted in enhanced inflammatory gene expression: RANTES and IP-10 gene expression were hyperinduced in ib␣ Ϫ/Ϫ tnf Ϫ/Ϫ BMDMs. In contrast, in response to LPS, IP-10 and RANTES gene expression were similar in the 2 genotypes, except that early time points were repressed in ib␣ Ϫ/Ϫ tnf Ϫ/Ϫ BMDMs, consistent with a reduced LPS-induced NF-B activation observed at early time points (Fig. 4D Lower and Fig. S5B ). Overall, these genetic and molecular studies support the hypothesis that IB␣ is primarily involved in regulating TNF-induced signaling.
IB␦ Controls the Fraction of Stimulus-Responsive NF-B.
Unlike canonical IB proteins (IB␣, -␤, -), IB␦ is not subject to canonical IKK-triggered degradation, allowing it to accumulate during a prolonged time course. In conjunction with a long half-life, IB␦ may determine the fraction or balance of cellular NF-B dimers that are responsive to inflammatory signals (Fig.  5A) . Whereas in naïve fibroblasts, RelA-containing dimers are mostly bound to canonical IBs and IB␦ only constitutes 5-10% of the total dimer pool (2), we hypothesized that IB␦ feedback control would shift the balance sufficiently toward a new steady state in which a smaller fraction of NF-B is activatable by subsequent inflammatory signals.
To test this hypothesis, we first examined complexes of IB␦ and RelA proteins by coimmunoprecipitation. LPS increased the amount of IB␦ bound to RelA and this interaction was stable after the removal of stimulus (Fig. 5B) . Furthermore, repeat stimulation experiments in wild-type and IB␦-deficient cells with different combinations of stimuli revealed an IB␦ memory function. A priming phase of 24 h with LPS did affect the subsequent early phase of LPS-induced NF-B activation (Fig.  5C ). This attenuation effect was not stimulus-specific: Priming with cytokines also reduced subsequent LPS activation of NF-B (Fig. 5D) , and furthermore, priming with either stimulus affected subsequent TNF or IL-1 activation of NF-B. In contrast, no decrease, but a slight increase in NF-B activation was observed in primed IB␦-deficient cells. That may be due to elevated expression of 1 or several NF-B inducible intracellular signaling proteins (www.nf-kb.org), emphasizing the potential importance of long-lasting IB␦ to limit the amount of activatable NF-B. In addition, we found that the attenuation effect on NF-B increased with the duration of the priming phase, and decreased with longer rest period (Fig. S6) , correlating with the slow IB␦ synthesis and degradation rate constants. Attenuation of inflammatory signaling by prior inflammatory exposure also had effects on NF-B target gene expression: LPS priming in wild-type cells led to decreased induction of the chemokine RANTES gene expression, but not in IB␦-deficient controls. In contrast, attenuation of MCP-1 gene expression in primed cells is IB␦-independent (Fig. 5E ).
Discussion
Inflammatory activation of NF-B is highly dynamic and several negative feedback regulators have been identified. With IB␣ being thought of as the primary negative feedback regulator, IB was found to provide for a ''fail-safe'' mechanism in resting or transiently stimulated cells (5, 6) . The highly inducible de-ubiquitinase A20, which functions upstream of IKK, was found to function primarily as a rheostat that mediates signaling cross-talk rather than an obligate negative feedback regulator (16) . In contrast, in the present study, IB␦ was revealed as a bona fide negative feedback regulator, albeit one that is stimulusspecific for pathogen-derived TLR-mediated signals. In fact, contrary to prior assumptions, IB␣'s function was also shown to be restricted to a subset of inflammatory stimuli, specifically cytokines mediating intercellular communication. It has little role in the attenuation of TLR-mediated inflammatory signals. Indeed, the finding that the perinatal lethality of ib␣ Ϫ/Ϫ mice was rescued by compound tnf deficiency supports this model. The previous mention that compound deficiency by tnfr1 does not rescue the lethality (15) was not documented, but, if corroborated, may indicate a role for tnfr2 in this process.
The molecular basis for functional specificity of regulatory proteins is often sought in their interaction specificity or affinities, described by equilibrium interactions parameters (K d ). Within the context of dynamic signaling events, functional specificity may, however, be conferred by kinetic rate constants (k ass , k diss , or k syn , k deg ). Discovering the functional roles of kinetic control requires different tools than when equilibrium interaction characteristics are the focus. Mathematical modeling with differential equations is one prerequisite. In addition, we have developed a computational phenotyping tool to characterize the specific roles of IB␣ and IB␦ within the context of dynamic signaling events, by exploiting the apparent modularity of the inflammatory signaling network (17) . Focusing on the IB-NF-B signaling module that has a defined input (IKK activity) and output (nuclear NF-B), we could examine signal processing in response to diverse physiological stimuli. By abstracting these into a library of hypothetical IKK profiles (Fig. 2) , we explored the signal processing space comprehensively, unbiased by the limitations of currently known stimuli. Mapping our insights back to actual TLR and cytokine receptor-mediated signals, we were able to experimentally examine the computational predictions (Fig. 3) . We suggest that the computational phenotyping methodology we present here is applicable to other signaling systems.
The contrasting functions of IB␣ and IB␦ are rooted in differences in the kinetic rate constants governing their NF-Binducible synthesis, half-life, and canonical IKK-inducible degradation. Our combined computational modeling and experimental studies revealed that these characteristics are important in the context of stimulus-specific temporal control of canonical IKK activities: pathogen-derived substances are only slowly metabolized and activate canonical IKK for extended durations in part by triggering autocrine positive feedback loops (12), whereas cytokines have short half-lives and induce receptor down-regulation. Our studies suggest that even the relatively low induction of the nfkb2 gene leads to slowly accumulating IB␦ during inflammatory signaling because IB␦ is not degraded in response to canonical IKK signals. However, IB␣ is much more highly inducible allowing it to turn off transient NF-B activities when canonical IKK signaling has ceased. But, because IB␣'s degradation is induced by canonical IKK, it is less efficient in attenuating NF-B during long-lasting IKK signaling.
Although the nfkb2 gene is often associated with developmental NF-B signaling, a role in controlling acute phase responses has also been noted (18) but has remained mechanistically unclear. With the realization that developmental signaling via the noncanonical pathway not only involves the generation of p52 containing dimers, but also the inactivation of a ternary complex containing a homodimeric p100, termed IB␦ (2), mechanistic studies of the nfkb2 gene products must distinguish between multiple molecular species. Here, we have used gelfiltration and detergent sensitivity analyses to study the high molecular weight IB␦-containing complex.
Because of its relatively long half-life (Ϸ8 h), IB␦ also functions constitutively to determine the cellular steady state, integrating the recent history of inflammatory exposure that may limit subsequent NF-B activation (Fig. 5) . As a mediator of inflammatory tolerance, it may regulate RelA activities during T cell activation (19, 20) , osteoclastogenesis (21) and lymph node formation (22) . Similarly, IB␦ is likely to play a role in providing a brake for cancer-associated chronically-elevated IKK2 signaling (23) . Indeed, mutations that cause C-terminal truncations of p100 are found in some B and T cell malignancies (24) , and signals impinging on IKK1 that are able to relieve such attenuation of RelA:p50 play a role in some Hodgkin lymphoma cells (25) and are found to be elevated via mutations found in multiple myeloma (26, 27) . Moreover, LPS-induced IB␦ processing in macrophages or B-cells may similarly relieve its inhibitory function (10) . However, when not subject to degradation signals, the ternary IB␦ complex may interconvert to self-inhibited dimeric RelA:p100 dimers limiting RelA availability for signaling. Modeling this process will require accounting for NF-B monomer expression, dimerization and higher order complex formation to investigate signaling during longer term developmental and disease processes. 
Materials and Methods
Animals, Cell Culture, and Reagents. Wild type and gene-deficient C57BL/6 mice were maintained in accordance with the Animal Care Program at UCSD. Primary and 3T3-immortalized MEFs were generated from E12.5-14.5 embryos (12) . Bone marrow-derived macrophages (BMDMs) were made from BM suspensions prepared from mouse femurs. A total of 1-2 ϫ 10 6 BM cells were cultured for 1 week with L929-conditioned DMEM on 10-cm plates and MEFs were at 90% confluence at stimulation. We used recombinant murine 1 ng/mL TNF␣ (Roche), 1 ng/mL IL-1 (EMD Biosciences), 100 ng/mL LPS (Sigma, B5:055), 50 g/mL poly(I:C) (Amersham Biosciences). Cycloheximide and actinomycinD were from Sigma. Antibodies against RelA/p65 (sc-372), RelB (sc-226), IB␣ (sc-371) were from Santa Cruz Biotechnology. p100 (1495) antibody was from National Cancer Institute, Biological Resources Branch, Frederick, MD.
Experimental Analyses. Whole cell extracts were prepared in RIPA buffer and normalized for total protein before immunoblot analysis. Nuclear extracts from BMDM were prepared by high salt extraction buffer. Immunoprecipitation-Western analysis, kinase assay, electrophoretic mobility shift assay (EMSA), deoxycholate (DOC) assays, and RNase Protection Assays (RPA) were performed as described in refs. 2, 6, and 12. A key advance in the current study is that we were able to focus on RelA:p50 activity by using biochemical and genetic strategies to remove deregulated RelB activity documented in ref. 28 . In EMSAs comparing wild-type and nfkb2 Ϫ/Ϫ MEF (Fig. 3B and Fig. S4C) , nuclear extracts were ablated of RelB-containing DNA binding activity by preincubating them with RelB antibody whose specificity was confirmed (Fig.  S7A) . In gene expression studies (Figs. 3C and 5E and Fig. S3B ), IB␦-deficient cells were nfb2 Ϫ/Ϫ relb Ϫ/Ϫ cells ensuring that the hyperactivated gene expression was due to RelA rather than deregulated RelB (Fig. S7B ). For gel-filtration studies, cytoplasmic extracts prepared from LPS-treated (24 h) or untreated MEF were injected into Superose6 10/300GL column (Amersham Pharmacia, column volume 24 mL) developed with 140 mM NaCl; 25 mM Tris⅐HCl, pH7.5; 1mMDTT at flow rate 0.5 mL/min, using AKTA purifier (GE Healthcare). Fractions were collected and analyzed by Western blotting with a mixture of the indicated antibodies and developed with ECL reagent (Perkin-Elmer). Films were scanned at 300 dpi resolution and analyzed with National Institutes of Health ImageJ software. Background-subtracted, normalized band Intensities were plotted against fraction numbers with Microsoft Excel. All results shown are representative of at least 3 independent experiments.
Computational Modeling. The model was based on the 3 IB-containing NF-B signaling module (12) to which reactions pertaining to IB␦ were added (Fig.  S1E) . Based on the work described here, a version of this model was used to explore the role of IB␦ in developmental signaling (2) . The model contains 32 species (Table S1 ) and 100 reactions described as ordinary differential equations with parameter values based on experimental measurements (Table S2) . The model uses numerical input curves for IKK2 activation to compute the resulting NF-B activity (defined as free nuclear NF-B) over time, using MATLAB version R2008a (The MathWorks, Inc.) with subroutine ode15s, a variable order, multistep solver. The newly developed Computational Phenotyping Tool (Fig. 2) consists of 2 parts: (i) a set of inputs to probe signal processing characteristics of the signaling module and (ii) a metric to quantitate the effects of negative feedback knockouts. A library of theoretical canonical IKK input curves was generated using a simple algorithm (Fig. S2 A) and PCHIP. The phenotyping metric applied here was the cumulative difference at every time point between NF-B activity produced in knockout and wild-type cells for a specific IKK curve (Fig. S2B) . The in silico chimera analysis was performed by starting with an IB␦-deficient model into which the duplicated IB␣ negative feedback was introduced (Fig. 3D) . Then, the indicated kinetic rate constants of IB␣ were swapped to those of IB␦, as indicated, and 24 h of LPS stimulation was simulated.
